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The opportunistic pathogen Pseudomonas aeruginosa produces a large array of 4-hydroxy-2-
alkylquinolines (HAQs). These compounds were analyzed by LC/MS, using positive electro-
spray ionization, in the culture supernatant of strain PA14. Fifty-six HAQs and related
compounds were detected and their [MH] ions were further analyzed by collision induced
dissociation (CID). These HAQs were grouped into five different series based on the presence
of an hydrogen or hydroxyl group at the 3 position, an N-oxide group in place of the quinoline
nitrogen, and an unsaturation on their alkyl side chain. Two new analogs of 3,4-dihydroxy-2
heptylquinoline, the Pseudomonas quinolone signal (PQS), were found with an alkyl chain
longer by one and two methylene groups. Moreover, two additional series of compounds were
identified in which a saturated or unsaturated alkyl side chain is located at the 3 position along
with an hydroxyl group at the 3 position and a ketone at the 2 position. No HAQ N-oxides, nor
any compounds from the latter two series, were detected in a pqsL mutant derivative of PA14,
indicating that this gene is involved in the biosynthesis of these compounds. This work
demonstrates the large repertoire of HAQ and HAQ-related compounds produced by P.
aeruginosa, and provides insight into N-oxides biosynthesis and confirm the hypothesis that
N-oxides are the precursors of compounds from Series 6 and 7. (J Am Soc Mass Spectrom
2004, 15, 862869) © 2004 American Society for Mass SpectrometryThe broad-host opportunistic pathogen Pseudomo-nas aeruginosa is a major cause of debilitatingbacterial infections in immunocompromised and
cystic fibrosis patients, and individuals with severe
burns [1, 2]. This bacterium produces a wide array of
extracellular compounds, many of which functioning as
virulence factors [3], and structural identification of
these compounds is important in understanding and
combating P. aeruginosa infections.
Many of these extracellular products are structurally
related to 4-hydroxy-2-alkylquinolines (HAQs). The
first HAQs were described by Wells in 1952 [4] and
included three bacteriostatic compounds [5, 6] contain-
ing either a C7 (HHQ), a C9 (HNQ), or a monounsatu-
rated C9 side chain, at the 2 position (Figure 1). Another
series of HAQs was subsequently discovered that has
an N-oxide group in place of the quinoline nitrogen,
and a C7 (HQNO) (Figure 1) or a C9 alkyl chain. C11 and
C8 N-oxide congeners were also isolated [7]. These
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doi:10.1016/j.jasms.2004.02.012HAQ N-oxides inhibit the electron transport function of
cytochromes [8], and HQNO prevents growth of Gram-
positive bacteria [9]. Another HAQ, 3,4-dihydroxy-2-
heptylquinoline, first identified in 1959 [10], was later
named the “Pseudomonas quinolone signal” (PQS)
(Figure 1), when it was recognized to participate in
“quorum sensing” [11], a cell-to-cell communication
mechanism used by bacteria to sense their cell density
via signaling molecules [12]. Significantly, PQS and
HHQ are found in the lungs of cystic fibrosis patients
[9, 13], indicating that P. aeruginosa uses quorum sens-
ing in this type of infection and the presence of HHQ
was seen as a mean by which P. aeruginosa competes
with other bacteria in the chronically infected lung
environment.
Until recently, HAQ analysis was indirect and prob-
lematic: PQS was quantified by thin-layer chromatog-
raphy and densitometric analysis [14, 15] or by an
indirect biological assay [11]; while HAQs were as-
sessed by gas chromatography coupled to electron
capture MS [16], which requires prior derivatization.
Furthermore, polar N-oxide congeners, which behave
poorly in gas chromatography, have to first be reduced
to their corresponding quinolines, which can lead tor Inc. Received January 20, 2004
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contain both these N-oxides and their corresponding
quinolines.
We recently reported a LC/MS method for PQS and
HQNO [17] quantification which has allowed us to
detect several P. aeruginosa HAQs, including many
never previously described [18]. Here we used LC/MS
and LC/MS/MS in positive electrospray ionization
mode to quantitate and obtain the CID mass spectra of
a large array of HAQs and related compounds pro-
duced by pathogenic P. aeruginosa, to significantly ex-
pand our understanding of these molecules. Notably,
we found that the pqsL gene, which was thought to be
involved in PQS degradation [15], is actually required
for the synthesis of the HAQ N-oxides.
Materials and Methods
Sample Preparation
Pseudomonas aeruginosa strain PA14 [19] and the iso-
genic non-polar pqsL deletion mutant, generated by
allelic exchange using pEX18Ap [20], were grown for 9
hr in 50 ml Luria-Bertani broth in 250 ml Erlenmeyer
flasks at 37 °C and 240 rpm. Methanol (250 ml) was
added to 1 L total culture, the mixture was centrifuged
at 15,000  g for 15 min, the supernatant collected, and
the methanol was removed by evaporation. The super-
natant was then acidified to pH 3 with concentrated
HCl, extracted three times with 300 ml of ethyl acetate,
the extracts were pooled and the solvent evaporated,
and the residue was finally dissolved in 10 ml of
methanol. Three aliquots were then prepared that con-
tained 100 l of the methanolic solution and 15 l of the
internal standard 5,6,7,8-tetradeutero-3,4-dihydroxy-2-
heptylquinoline solution (1 g/l methanol) [17]. The
solvent was then evaporated and the residue redis-
solved in 1 ml 30% acetonitrile-water, 1% acetic acid.
This sample was filtered and 20 l were injected.
Analytical Conditions
Analyses were performed on an Agilent HP1100 (Agi-
lent Canada, Pointe-Claire, CN) coupled to a Micromass
Quattro II (Micromass Canada, Pointe-Claire, CN).
Samples were injected onto a 4.6  150 mm Agilent HP
Eclipse XDB-C8 column and separated using a linear 30
to 100% acetonitrile/water gradient, plus 1% acetic
Figure 1. Structures of HAQs and HAQ related compounds.acid, in 61 min, kept at 100% acetonitrile for 3 min,
returned to 30% acetonitrile in 1 min, and stabilized for
another 4 min. HPLC flow rate was 0.3 ml/min, which
was split through a Valco Tee (Chromatographic Spe-
cialities, Brockville, Ontario, Canada) splitter to 30
l/min, and introduced into the mass spectrometer for
positive electrospray ionization analyses, using a capil-
lary voltage of 3 kV, cone voltage of 21 V, and source
temperature of 120 °C. Collision induced dissociation
(CID) was performed with argon at 2.66  104 Pa with
a 30 eV collision energy. HAQs were quantified in full
scan mode (m/z 130 to 350) by measuring the intensity
of the corresponding [MH] ion intensity in conjunc-
tion with the internal standard response factor. Each
reported value represents the mean from three injected
aliquots.
Results
Figure 2 shows the total ion chromatogram (TIC) of the
organic extract of a PA14 culture. We detect seven series
of compounds by looking at [M  H] ions presenting
a regular pattern in their retention times with each m/z
increase of 14. This pattern corresponds to the chro-
matographic behavior predicted for a series of com-
pounds that have an alkyl side chain that increases by
increments of single methylene units. Tables 1 through
7 present the retention times and intensities of the seven
series of HAQ and HAQ-related compounds present in
the organic extract of a 9 h culture. These tables also
show the increments in the retention times of the [M 
H] ions for each m/z increase by 14, indicating that
these ions correspond to related compounds. This is
further confirmed by the CID of the [M  H] for each
compound. Within each series the CID spectra are
identical as fragmentation initially occurs on the ali-
phatic side chain, producing fragment ions common to
all series members. Of our seven series, three contain a
compound identified with an authentic standard:
HQNO, which is commercially available; PQS, which
we previously synthesized; and HHQ, a PQS synthesis
intermediate [17].
The retention time of the Table 1, m/z 244 ion
Figure 2. Total ion chromatogram of an P. aeruginosa extract at
9 h of cultivation.
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Table 1 compounds present major fragment ions at m/z
172 and 159, which are produced, respectively, by the
cleavage between the  and  carbons of the side chain
with one hydrogen atom transfer, and by homolytic
cleavage between the  and  carbons (Figure 3). These
two types of cleavage have been observed in the EI
spectrum of 2-alkylpyridines substituted with deuteri-
ums at various positions on the alkyl chain [21]. Reisch
et al. also observed the m/z 172 and 159 ions in the
electron impact spectra of a series of synthetic analogs
of HHQ with side chains of various lenght [22]. These
data show that the compounds listed in Table 1 all are
Table 1. Series 1: Length of the side chain, [M  H] ion
monitored, retention time, and concentration of the HAQs
related to HH
HAQ [M  H]
Ret. time
(min) Conc. (mg/L)
Deltaa
(min)
C5 216 10.78 0.170 [0.012]
b n.a.
C6 230 15.28 0.038 [0.002] 4.56
C7 (HHQ) 244 19.69 4.016 [0.167] 4.35
Ca 258 23.78 0.264 [0.004] 4.22
C9 (HNQ) 272 27.75 5.328 [0.104] 3.84
C10 286 31.58 0.050 [0.000] 3.98
C11 300 35.41 0.258 [0.028] 3.68
C13 328 42.81 0.011 [0.002] 3.70
c
aDifference between the retention time of a given congener and the
retention time of the previous lower molecular weight congener.
bNumber in parenthesis is the standard deviation of the triplicate.
cCalculated using half the retention time difference from the previous
congener.
Table 2. Series 2: Length of the side chain, [M  H] ion
monitored, retention time and concentration of the HAQs
HAQ [M  H]
Ret. time
(min) Conc. (mg/L)
Delta
(min)
C5:1 214 10.09 0.029 [0.006] n.a.
C5:1 214 11.50 0.038 [0.007] n.a.
C6:1 228 12.39 0.129 [0.001] 2.30
a
C6:1 228 14.22 0.113 [0.001] 2.72
b
C7:1 242 17.45 0.061 [0.000] 5.06
a
C7:1 242 19.24 0.379 [0.016] 5.01
b
C8:1 256 21.91 0.032 [0.000] 4.46
a
C8:1 256 23.57 0.098 [0.001] 4.38
b
C9:1 270 25.87 0.587 [0.023] 3.96
a
C9:1 270 27.44 4.908 [0.064] 3.87
b
C10:1 284 30.13 0.070 [0.001] 4.26
a
C10:1 284 31.44 0.054 [0.001] 3.99
b
C11:1 298 33.46 0.031 [0.005] 3.32
a
C11:1 298 35.23 0.252 [0.028] 3.79
b
C12:1 312 38.85 0.003 [0.000] 3.62
a
C13:1 326 40.87 0.001 [0.001] 3.70
c
C13:1 326 42.59 0.007 [0.001] 3.68
d
aCalculated using the early eluting congener of the previous isomeric
pair.
bCalculated using the later eluting congener of the previous isomeric
pair.
cCalculated using half the retention time difference from the early
eluting congener of the previous isomeric pair.
dCalculated using half the retention time difference from the later
eluting congener of the previous isomeric pair.4-hydroxy-2-alkylquinoline congeners differing only in
their side chain lengths.
Table 2 lists an ion series with [M  H] which are
2 Da smaller than Series 1. Most of these ions appear at
two different retention times, slightly shorter than those
of Table 1. This is indicative of compounds that are
Series 1 analogs with a double bond in their alkyl side
chain. The expected differences in the retention times of
the cis and trans isomers explain their appearance at
two retention times. Their CID spectra show the same
major m/z 172 and 159 fragment ions observed for Series
1, but also present additional fragment ions at m/z 184
and 198, for which putative structures are presented in
Figure 3. Wells [4] determined that 4-hydroxy-2-non-
enylquinoline occurs in an organic P. aeruginosa extract,
and that the double bond is located between the  and
 carbons of the side chain. To prove that the Table 2
compounds all contain an unsaturated side chain with
the double bond located between its  and  carbons,
the whole organic extract was hydrogenated with deu-
terium over a platinum catalyst. After hydrogenation,
the [M  H] ions listed in Table 2 disappear and new
[M  H] ions appearing 4 Da higher were observed at
the same retention times as those of the saturated
compounds of Table 1. When these labeled ions are
fragmented by CID, ions at m/z 160 and 174 are found in
place of the m/z 159 and 172 ions of the first series,
demonstrating that the Series 2 compounds contain a
double bond between the  and  carbons of their alkyl
side chain.
The retention time of the m/z 260 ion of the Table 3
series matches that of authentic PQS. The CID spectrum
of PQS presents major ions at m/z 188 and 175, identical
to those of all the Series 3 compounds. These ions
probably originate from the same fragmentation pat-
terns than those of Series 1 (Figure 3), but the ions
Table 3. Series 3: Length of the side chain, [M  H] ion
monitored, retention time and concentration of the HAQs
related to PQS
HAQ [M  H]
Ret. time
(min) Conc. (mg/L)
Delta
(min)
C7 (PQS) 260 24.71 1.255 [0.054] n.a.
C8 274 28.65 0.086 [0.007] 3.94
C9 288 32.75 0.625 [0.013] 4.10
Table 4. Length of the side chain, [M  H] ion monitored,
retention time and concentration of the HAQs related to HQNO
HAQ [M  H]
Ret. time
(min) Conc. (mg/L)
Delta
(min)
C5 232 11.98 0.047 [0.024] n.a.
C6 246 16.21 0.025 [0.001] 4.23
C7 (HQNO) 260 20.35 2.764 [0.132] 4.14
C8 274 24.20 0.080 [0.002] 3.85
C9 288 27.91 1.124 [0.067] 3.71
C10 302 31.43 0.011 [0.000] 3.52
C11 316 34.97 0.063 [0.000] 3.54
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an additional hydroxyl group at the 3 position of PQS.
These two ions are also observed in the EI spectrum of
PQS [11].
The Series 4 compounds presented in Table 4 simi-
larly contain an [M  H] ion at m/z 260, whose
retention time and CID spectrum match those of
HQNO, and whose most abundant fragments occur at
m/z 186, 172, and 159. The formation of these ions can be
explained by two different mechanisms (Figure 4). The
first involves the initial loss of a hydroxyl radical from
the protonated molecular ion: March et al. performed
basicity calculations on related quinoline N-oxides by
submitting an AM1 geometry to a CBS-4M calculation
with Gaussian 98 [23], and found that the N-oxide
oxygen is the most basic site of the molecule and the
most likely site of protonation. The loss of an hydroxyl
radical was also observed by Miao et al. in the CID
spectra of other quinoline N-oxides in positive electro-
spray and APCI [24]. Although in our case no [M 
H-OH] fragment is detected, such an intermediate
could be short-lived and further fragment to the ob-
served ions via loss of the corresponding alkyl chain
radical. Second, a concerted mechanism can also be
invoked to explain the formation of the 186 and 172
Table 5. Series 5: Length of the side chain, [M  H] ion
monitored, retention time and concentration of the unsaturated
HAQs related
HAQ [M  H]
Ret. time
(min) Conc. (mg/L)
Delta
(min)
C7:1 258 17.61 0.189 [0.022] n.a.
C7:1 258 18.24 0.026 [0.002] n.a.
C8:1 272 21.58 0.025 [0.002] 3.97
a
C9:1 286 25.40 1.204 [0.107] 3.82
C9:1 286 26.41 0.217 [0.018] 4.01
b
C10:1 300 28.13 0.009 [0.000] 2.73
a
C11:1 314 31.18 0.406 [0.018] 3.05
C11:1 314 32.44 0.082 [0.009] 3.51
b
C12:1 342 37.37 0.029 [0.001] 3.09
c
aCalculated using the early eluting congener of the previous isomeric
pair.
bCalculated using half the retention time difference from the later
eluting congener of the previous isomeric pair.
cCalculated using half the retention time difference from the early
eluting congener of the previous isomeric pair.
Table 6. Series 6: Length of the side chain, [M  H] ion
monitored, retention time and concentration of
3-alkyl-2,3-dihydroxy-4-quinolones
Comp. [M  H]
Ret. time
(min) Conc. (mg/L)
Delta
(min)
C5 248 15.41 0.019 [0.003] n.a.
C6 262 20.33 0.063 [0.004] 4.92
C7 276 24.60 1.267 [0.009] 4.27
C8 290 28.89 0.039 [0.002] 4.29
C9 304 32.87 0.011 [0.003] 3.98
C11 332 40.08 0.002 [0.000] 3.60
a
aCalculated using half the retention time difference with the previous
congener.ions. Budzikiewicz et al. observed ions at m/z 188, 175,
and 146 in the EI spectrum of HQNO [25]. To verify that
all the Table 4 compounds are N-oxides, the whole
organic extract was treated with zinc dust in acetic acid,
which reduces N-oxides to their corresponding amines.
All these ions disappeared and a concurrent increase in
the intensity of the corresponding ions in Table 1 was
observed, proving these compounds are indeed N-
oxides that can be reduced to their corresponding Series
1 analogs.
Table 5 presents ions corresponding to unsaturated
analogs of the Series 4 compounds. Their [M  H]
appear 2 Da lower than those of their saturated analogs,
and they exhibit two different retention times which are
concomitantly shorter than those of their saturated
Series 4 counterparts. Their CID spectra are all identical
and present major ions at m/z 198, 184, 172, and 159.
These are the same ions observed for the unsaturated
Series 2 compounds. These ions probably arise from the
initial loss of an hydroxyl radical to produce, upon
further fragmentation, ions structurally related to those
Table 7. Series 7: Length of the side chain, [M  H] ion
monitored, retention time and concentration of unsaturated
3-alkyl-2,3-dihydroxy-4-quinolones
HAQ [M  H]
Ret. time
(min) Conc. (mg/L)
Delta
(min)
C5:1 246 15.64 0.012 [0.001] n.a.
C5:1 246 16.23 0.025 [0.001] n.a.
C7:1 274 23.64 0.038 [0.003] 4.0
a
C7:1 274 24.20 0.079 [0.003] 3.99
b
C9:1 302 30.73 0.008 [0.001] 3.54
a
C9:1 302 31.57 0.010 [0.002] 3.68
b
aCalculated using half the retention time difference with the early
eluting congener of the previous isomeric pair.
bCalculated using half the retention time difference with the later
eluting congener of the previous isomeric pair.
Figure 3. Putative structures of the fragment ion produced by
CID of the [M  H] of Series 1, 2 and 3 compounds.
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cations. The position of the double bond was deter-
mined to be between the  and  carbons of the side
chain using the deuteration procedure described above.
In this experiment, all the [M  H] ions of Series 5
disappear and are replaced by ions 4 Da higher with the
same retention times as the corresponding unsaturated
Series 4 analogs. The CID spectra of these new labeled
[M  H] ions show fragment ions at m/z 188, 174, and
160 instead of the m/z 186, 172, and 159 ions observed
for the unlabeled compounds. The m/z 160 ion confirms
that the double bond is between the  and  carbon and
the m/z 188 and 174 ions are consistent with the reten-
tion of the  and  methylene hydrogens in the mech-
anism proposed for their formation.
Table 6 describes a series of ions that corresponds to
HAQ analogs but with their alkyl chain and an hy-
droxyl group at the 3 position along with a keto group
at the 2 position (Figure 1). The two most abundant
compounds of this series, the C7 and the C9 congeners,
have been previously isolated and characterized by
Neuenhaus et al. [26], who reported their EI spectra
containing m/z 190, 149, and 148 ions. Here, the CID
spectra of the most abundant C7 congener, as well as all
the other series members, show ions at m/z 178, 162, 160,
146, 144, and a prominent fragment at 132. Figure 5
shows the putative structures of these ions. To confirm
their identity, the whole extract was treated with so-
dium borohydride in methanol. All the [M  H] ions
of Table 6 disappeared and new ions appearing two Da
higher were detected at different retention times, as
described by Neuenhaus et al. [26]. This corresponds to
Figure 4. Putative structures of the fragment ion produced by
CID of the [M  H] of Series 4 compounds.the reduction of the ketone at Position 4, a function in
HAQs that is unaffected by sodium borohydride.
Table 7 presents the corresponding unsaturated con-
geners of Series 6. These compounds generally appear
at shorter retention times than their saturated analogs.
Only congeners with an odd number of carbons in their
alkyl chain are detected and they occur in low concen-
trations. The even alkyl chain congeners, if present, are
at concentrations below our detection limit. The Series 7
[M  H] ions appear at two different retention times,
as was seen for the compounds in Tables 2 and 5, which
likely correspond to the cis and trans configurations
around a double bond. The CID spectrum of the most
abundant congeners presenting an [MH] at m/z 274,
shows major ions at m/z 186 (loss of C5H12O), 172 (loss
of (C6H14O), and 159 (loss of a C7H13 radical and H2O).
We also assessed the HAQ repertoire produced by a
mutant known to affect PQS biosynthesis [15]. The pqsL
mutant fails to produce saturated and unsaturated
N-oxide congeners (Series 4 and 5) as well as the
compounds presented in Tables 6 and 7, while all the
other HAQs are produced in normal concentrations by
this strain.
Discussion
We have used LC/MS with positive electrospray ion-
ization and CID to quantify and identify 56 different
HAQs and HAQ analogs produced by the human
pathogen P. aeruginosa. This methodology has allowed
us to greatly expand our understanding of the HAQ
repertoire of P. aeruginosa, and to structurally character-
ize each congener with much greater certainty. In
contrast, in a previous study using electron capture
GC/MS, Taylor et al. detected just 20 HAQ congeners
Figure 5. Putative structures of the fragment ion produced by
CID of the [M  H] of Series 6 compounds.
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corresponding molecular ions in conjunction with their
retention time increments [16]. While LC/MS allows us
to directly analyze the N-oxides analogs, the previous
GC/MS methodology required that these compounds,
due to their poor GC chromatographic behavior, be
reduced into their corresponding Series 1 congeners
prior to analysis. This reduction can lead to confusion as
both the N-oxide molecules and their corresponding
quinolines occur in the original bacterial extract so that
it is not possible to assign the relative abundances of the
different N-oxide derivatives in a single analysis. An-
other advantage of our LC/MS approach is that the
HAQs do not require derivatization, while in GC/MS
they have to be derivatized into bistrifluoromethylben-
zoate derivatives, to increase the sensitivity of detection
in negative mode, and to improve their chromato-
graphic behavior. In terms of sensitivity, Taylor et al.
obtained in Selective Ion Monitoring (SIM), a signal-to-
noise ratio better than ten for less than one pg of
injected HHQ [16]. With LC/MS, the HAQ with the
lowest concentration in full scan mode corresponded to
three picograms of injected material, with a predicted
sensitivity increase of two orders of magnitude if SIM
had been used.
Tables 1 through 7 only show the ions that were
sufficiently intense for their structures to be confirmed
by CID. It is likely that the less abundant HAQs,
including those with alkyl chains smaller than C5 that
were observed by Taylor et al. [16] could also be
detected by LC/MS using SIM and their retention times
as identification criterion; however the retention time
increments are not as reproducible at lower masses
compared to the higher molecular weight homologues,
as also noted by Taylor et al. using GC/MS [16]. In
addition, LC/MS is more problematic than GC for the
determination of lower mass compounds due to in-
creasing interferences with solvent impurities. These
observations indicate that the two different methodol-
ogies can provide complementary results.
We detected seven different series of HAQs and
HAQ-related compounds. Within each series, the con-
geners with an even number of carbons in their alkyl
chain were significantly less abundant than those with
an odd-numbered carbon alkyl chain, as also reported
by Taylor et al. [16]. Ritter and Luckner showed that
HAQs are produced by the addition of 3-keto fatty
acids to anthranilic acid [27]. Because the acid group of
the 3-keto fatty acid is lost in the biosynthesis, and
because the 3-keto fatty acid biosynthetic pathway
mostly produces even-numbered carbon compounds, it
follows that HAQs have predominantly odd-numbered
carbon alkyl chains. The origin of the double bond in
the HAQ of Series 2 and 5 is unknown, but we con-
firmed it is located between the  and  carbon of the
side-chains, as initially observed by Wells for 4-hy-
droxy-2-nonenylquinoline [4]. De´bitus et al. further
confirmed the position of this double bond by NMR
analysis of an unsaturated HNQ analog obtained froma marine Pseudomonad [28], and reported that it is in the
E (trans) configuration.
The Series 3 HAQs, which we first showed, are PQS
analogs that only differ by carrying one and two more
carbons in their alkyl side chains than PQS [18]. They
are especially interesting, as they might have similar
biological activity. The C9 congener is present at half the
concentration of PQS and thus could have a significant
role in quorum sensing regulation. Only the most
abundant Series 4 C7, C9, and C11 N-oxide congeners
have been previously characterized [7]. Although their
biosynthesis pathway is unknown, we previously dem-
onstrated they all originate from anthranilic acid, and
observed that adding labeled HHQ to a PA14 culture
only produces labeled PQS [18].
We and others have reported that pqsABCD and pqsH
are required to synthesize the Series 1, 2, and 3 com-
pounds [18, 29], though the step(s) branching-out from
the HAQ pathway to N-oxide synthesis has not been
elucidated. While the putative PqsL enzyme has been
proposed responsible for PQS degradation [15], that a
pqsL mutant does not produce any saturated or unsat-
urated N-oxides indicates this gene is involved in
N-oxide biosynthesis. pqsL is predicted to encode an
enzyme related to monooxygenases [15], and therefore
seems a good candidate for the oxidation of the HHQ
nitrogen into an N-oxide; however, we fail to observe
this reaction with exogenously supplied labeled HHQ
[18]. The previously observed over-production of PQS
by a pqsL mutant [15] is probably a consequence from
the increased availability of HHQ that should result
from the shut down of the N-oxide synthetic pathway.
The Table 6 compounds, with their 3 position alkyl
chains, exhibit intriguing structures. According to
Budzikiewicz et al. [25], these compounds could origi-
nate from N-oxides modified into Compound 1 bearing
an hydroxyl at the position 2 (Figure 6). These Com-
pound 1 intermediates could then rearrange to produce
Compound 2 with their alkyl chain at the 3 position. To
this end, Neuenhaus et al. synthesized Compound 2
with a C7 alkyl chain and observed it readily oxidized in
air with light to produce the C7 congener of Table 6 [26].
While in this study, we do not detect ions correspond-
ing to the intermediate Compounds 1 and 2 in our
cultures, the postulated 2-hydroxylated intermediate 1
has been isolated by De´bitus et al. [28] from the marine
Pseudomonas strain from which they isolated the Table 6
C7 congener. Furthermore, that the pqsL mutant does
not produce N-oxides nor Series 6 compounds also
indicates that Series 6 congeners could originate from
Figure 6. Putative structures of the synthetic intermediates of
Series 6 compounds as proposed by Budzikiewicz et al. [25].
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whether the compounds from Table 6 are real bacterial
products or are artifacts of the isolation procedure. By
analogy, we speculate that the unsaturated Series 7
congeners originate from the corresponding unsatur-
ated Series 5 N-oxides. While the Series 6 C7 and C9
congeners have been previously observed, this is the
first report of the Series 7 structures.
The concentrations of the various HAQs vary
throughout the growth cycle of the bacteria. The con-
centrations in Tables 1 to 7 are those observed after 9 h
of growth, which corresponds to the early stationary
phase of a P. aeruginosa culture. The concentration of
PQS and HQNO can reach at least 12 and 18 mg/L,
respectively, after 14 h [17]. The relative proportions of
the various HAQs also vary with time, HQNO remain-
ing stable, while PQS concentration decreasing after
14 h [17]. Moreover, the concentration of HHQ, the PQS
precursor, decreases early in the growth cycle [30].
Therefore, the concentrations presented in Tables 1 to 7
are submaximal.
Perhaps the most interesting result of this study is
the large array of HAQs produced by P. aeruginosa.
What might the biological functions of all these com-
pounds be, and what roles might they play in infection
and disease? While some HAQs have been assigned
specific cell-to-cell communication and antimicrobial
activities, further investigations will be necessary to
define the biosynthesis and functions of the complete
HAQ repertoire.
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